Hydrothermal experiments treating amorphous silica (opal-A) in an alkaline solution have disclosed. that opal-CT is formed from opal-A or silica-X and is transformed to quartz directly or through silica-K. During the transformation of silica, the d(101) spacing of cristobalite decreases continuously from d(101) _ 4.11 A to 4.05 A, which. suggests a progressive ordering of opal-CT. The decreasing rate of d (101) spacing is approximately expressed by equation (4) given in the text, irrespective of chemical conditions and the transformation sequence of silica. The rate constant is strongly dependent on the reaction temperature but more or less affected by the chemical condition and by the transformation sequence of silica. On the basis of the experimental results, the ordering of opal-CT is discussed in relation to the diagenetic process of siliceous sediments.
INTRODUCTION
Opal-CT, one of the three distinct categories of opal (JONES and SEGNIT, 1971 ) is interpreted as low-cristobalite unidimensionally disordered by stacking of randomly interstratified tridymite layers (FLORKE, 1955; JONES and SEGNIT, 1971; FLORKE et al., 1975 FLORKE et al., , 1976 . It is commonly formed in sediments from amorphous silica (opal-A; JONES and SEGNIT, 1971) and is con verted to quartz during diagenesis (MIZUTANI, 1966 (MIZUTANI, , 1970 . As exemplified by BETTERMANN and LIEBAU (1975) , FLoRKE et al. (1975) and MIZUTANI (1978) , opal-CT represents an inter mediate product in the several sequences of transformation of silica. The rate of transforma tion is found to be remarkably dependent on the reaction temperature; the higher the tempera ture, the faster the transformation (MIZUTANI, 1966 (MIZUTANI, , 1970 BETTERMANN and LIEBAU, 1975) . According to JONES and SEGNIT (1971) , opal-CT changes its internal structure by heating under dry conditins.
This ordering is distinctly indicated by the shift of d(101) spacing of cristobalite commonly observed in the experi mental products under hydrothermal conditions (MIZUTANI, 1977; KANO, 1979) . Field investiga tions have also disclosed the progressive decrease of d(101) spacing from 4.12 to 4.04A during diagenesis (MURATA and NAKATA, 1974; MURATA and LARSON, 1975; MURATA and RANDALL, 1975; MITSUI and TAGUCHI, 1974 in MITSUI, 1975 VON RAD et al., 1978; KANO, 1979; IIJIMA and TADA, 1981; Piscio~rro, 1981) or during heating by intrusive bodies (MURATA et al., 1979) .
Hydrothermal experiments show that the decreasing rate of d(101) spacing is controlled principally by the reaction temperature (Mizu TANI, 1977; KANO, 1979) ; the higher the tem perature, the faster the d(101) spacing decrease. This, together with field investigations, provides us with a new scale for the study of silica diagenesis especially at the early stage (MIzuTA NI, 1977 , 1978 Recently, KANO (1979) has proposed an this paper. empirical equation to describe the decreasing The products separated from the solution by rate of d(101) spacing from the experimental a centrifuge, washed with distilled water several results of hydrothermal transformation of silica times and dried at 30°C in an oven were ex in diatomaceous sediments and porcelanite.
amined with an X-ray diffractometer. The d(101) However, the experiments were inadequate to spacing of cristobalite was measured by taking reveal a general tendency applicable to the the peak of quartz (1010) as a reference posi diagenetic ordering of opal-CT, because the tion. The products with no quartz peak were experimental conditions were limited and some examined by adding pulverlized quartz powder impurities such as quartz and feldspars were before the X-ray examination. When the peak included in that reaction system. Subsequently, of quartz(1010) was interfered by a peak of therefore, we have made additional experiments silica-K or silica-X, an average position of and observed the ordering of opal-CT in experi quartz(1010) peak was determined through the mental products in several sequences of trans X-ray diffractometry of pure quartz and then, formation of silica. This paper describes the d(101) spacing of cristobalite in the products experimental results and discusses the ordering was corrected by referring to the average posi of oapl-CT, especially the decreasing rate of tion of quartz (1010) Table 3 quartz.
Experimental results Opal-A Opal-CT -> Silica-K -+ Quartz (2) for the experimental series C. Sequences of (1) and (2) are comparable to those reported by HEYDEMANN (1964) and CARR and FYFE (1958) , respectively. However, these sequences, includ ing silica-X and silica-K, have not been observed in natural geological conditions. On the other hand, MIZUTANI (1966) has reported the follow ing sequence, Opal-A -Opa-CT Quartz (3) as the result of hydrothermal experiments con ducted in an experimental setting very similar to that of the present study. Sequence (3) is observed commonly in nature. The fact that sequence (1) and (2) have not been found in nature while sequence (3) is common may be attributed to different physical and chemical conditions (BETTERMANN and LIEBAU, 1975; HEYDEMANN, 1964) . Typical X-ray diffractograms of opal-CT show the peaks attributable to low-cristobalite or low-tridymite (Figs. 1, 2 and 3, and Table 5 ). However, no strong peak of tridymite (222) or tridymite(042) is recognized, while peaks of cristobalite( 111 ) and cristobalite(102) are com mon on the X-ray diffractograms of opal-CT. Thus opal-CT peaks are not assigned to tridy mite, although it has been reported that tridy mite-like minerals can be formed under certain conditions (MITCHELL and TUFTS, 1973) .
As pointed out by JONES and SEGNIT (1971) , the ordering of opal-CT is invariably indicated by the significant decrease in d(101) spacing of cristobalite.
The present results show that the d(101) spacing decreases from 4.11 to 4.05A while the intensity ratio of tridymite (040, 220) peak/cristobalite(101) peak decreases from 0.5 0.4 to 0.1-0 (Figs. 1, 2 and 3, and Tables 2, 3 and 4). This is quite common to the ordering process of opal-CT under diagenetic and hydro thermal conditions (MIZUTANI, 1977 (MIZUTANI, , 1978 , and suggests . that the ordering of opal-CT pro ceeds mostly, if not all, as tridymite layers in opal-CT decreases.
ORDERING OF OPAL-CT
As stated in the preceding part, the progres sive decrease in d (101) When opal-CT is detected within the period from to to t1i we obtain S = Soe-k(t-to) (to S t e__ ti)
by integrating equation (4). Here So is S at t= to. This equation means that the logarithm of S decreases proportionally to the reaction time t.
The results from our experiments and those of JONES and SEGNIT (1971) In equation (4), the effect of the reaction tem perature on the ordering of opal-CT is re presented by the rate constant (k). The tem perature dependency of the rate constants com puted from the curves illustrated in Figs. 4, 5 and 6 and those reported by KANO (1979) is displayed in Fig. 7 . A straight line plot for the experiments of KANO (1979) the temperature dependency of the rate con stant in a range of temperatures concerned.
The inclination of the curve represents the degree of the temperature dependency and the magni tude of the activation energy.
The activation energy for the experiments of KANO (1979) is estimated at 19.5 kcal/mol. On the other hand, the activation energy for the ex periments of JONES and SEGNIT (1971) is esti mated at about 170 kcal/mol. In Fig. 7 , all of the rate constants under hydrothermal condi tions are plotted on or around the curve for the experiments of KANO (1979) . The activation energy under hydrothermal conditions, there fore, seems to be on the same order as that reported by KANO (1979) , irrespective of the chemical conditions and the transformation sequence of silica. In fact, the activation energy computed from the experimental results of series A, B and C is about 23 kcal/mol, and those computed from the experimental results of series A and B and Of MIZUTANI (1977) are 19 kcal/mol and 20kcal/mol, respectively.
2) As suggested by JONES and SEGNIT (1971) , the ordering of opal-CT seems to occur at the expence of tridymite layers in opal-CT . However, the activation energy for the ordering of opal-CT is significantly different according to the environment as stated above. A com parison of the activation energy of various hydrothermal reactions (Table 6) indicates that they are rather in a narrow range from 14 to 30kcal/mol.
Interestingly enough, the activa MIZUTANI (1966) LAUDISE (1959) MIZUTANI (1966) KANO (1979) This study EBERL and HOWER (1976) ERNST and CALVERT (1969) MARSHALL (1961) tion energy for the ordering of opal-CT under hydrothermal conditions is similar to that of the hydrothermal transformation of opal-A to opal CT. On the other hand, the activation energy for the ordering of opal-CT under dry conditions is much higher than that for the ordering of opal-CT under hydrothermal conditions. The ordering of opal-CT in hydrothermal products is presumably accompanied by the reorganization of opal-CT, while the ordering of opal-CT observed by JONES and SEGNIT (1971) under dry conditions appears to be accompanied by crys tallization (JONES and SEGNIT, 1971) . Therefore, the higher activation energy is interpreted to be crystallization of opal-CT. On the other hand, the lower activation energy under hydrothermal conditions is the structural reorganization of opal-CT. However, the mechanism of reorgani zation of opal-CT under hydrothermal condi tions still remains unsolved.
According to KASTNER et al. (1977) , the for mation of opal-CT under hydrothermal and diagenetic conditions is controlled by the reac tion temperature and also by the chemical con dition. Similarly, if a dissolution-reprecipitation reaction participates in the ordering of opal-CT under hydrothermal conditions, not only the temperature but also the chemical condition affect the rate constant (k). The difference of the rate constants from the general trend of tem perature dependency of the rate constant is suggestive of the effect of the chemical condi tion or the transformation sequence of silica (Fig. 7) . Probably, such chemical effects can be expressed by the frequency factor in the rate 3) Opal-CT is formed from opal-A or silica X and is converted to quartz directly or through silica-K as shown in transformation sequences
(1), (2) and (3). It is naturally expected that opal-CT once formed has a d(l 01) spacing dif ferent from that of opal-CT formed at a dif ferent reaction time owing to the transformation sequence; nevertherless, the d(101) spacing progressively decreases with the passage of the reaction time.
The d(101) spacing of experi mental products examined through X-ray dif fraction is, therefore, the mode value of over lapped cristobalite (101) peaks of several silica minerals, each of which has a different d(101) spacing.
In this respect, it is plausible that the shift of the mode value occurs according to the ordering of individual opal-CT in the product. In fact, as stated in the preceding part, the rate constant varies according to the chemical con ditions and to the transformation sequence of silica. However, the fact that equation (4) holds good enough to represent the ordering of opal-CT under various conditions and, under a given chemical condition, the rate constant in equation (4) can be expressed by Arrhenius' equation in a range of temperatures treated in this paper suggests the applicability of equation (4) to the diagenetic ordering of opal-CT.
CONCLUSIONS
The following conclusions are drawn from this investigation:
1) Opal-A is transformed to quartz through opal-CT and silica-K, or through silica-X and opal-CT, in hydrothermal experiments. Opal-A is also transformed to quartz through opal-CT (MIZUTANI, 1977; KANO, 1979) . 2) During the transformation of silica, the d(101) spacing of cristobalite progressively decreases from d(l 01) = 4.11 to 4.05A.
3) The decreasing rate of d(101) spacing can be empirically expressed by equation (4), ir respective of the chemical condition and of the transformation sequence of silica. 4) The rate constant is strongly dependent on the reaction temperature, and more or less affected by the transformation sequence of silica and by the chemical condition.
5) This investigation suggests the applicabili ty of equation (4) to the diagenetic ordering of opal-CT.
